Background The biomechanical behaviour of plant cells depends upon the material properties of their cell walls and, in many cases, it is necessary that these properties are quite specific. Additionally, physiological regulation may require that target cells responding to hormonal signals or environmental factors are able to modulate these characteristics. † Argument This paper uses a rheological analysis of creep of elongating sunflower (Helianthus annuus) sunflower hypocotyls to demonstrate that the mechanical behaviour of plant cell walls is complex and involves multiple layered processes that can be distinguished from one another by the time-scale over which they lead to a change in tissue dimensions, their sensitivity to pH and temperature, and their responses to changes in spatial arrangement of the cell wall brought about by treatment with high M r PEG. Furthermore, it appears possible to regulate individual rheological processes, with limited effect on others, in order to modulate growth without affecting tissue structural integrity. It is proposed that control of the water content of the cell wall and therefore the space between cell wall polymers may be one mechanism by which differential regulation of cell wall biomechanical properties is achieved. This hypothesis is supported by evidence showing that enzyme extracts from growing tissues can cause swelling in cell wall fragments in suspension. † Implications The physiological implications of this complexity are then considered for growing tissues, stomatal guard cells and abscission cells. It is noted that, in each circumstance, a different combination of mechanical properties is required and that differential regulation of properties affecting behaviour over different time-scales is often necessary.
It has been established that the physical properties of synthetic polymers are substantially affected by spatial constraint of the macromolecular components, so that behaviour of plastics can be controlled by addition of low molecular weight molecules known as plasticizers to maintain separation (Ward and Hadley, 1993) . Thompson (2005) noted that spacing within plant cell walls, particularly between cellulose microfibrils, may be of similar importance. This was suggested by the finding that incorporation of pectins and various hemicelluloses into cellulose pellicles produced by Acetobacter resulted in composites which were weaker and more extensible than pellicles of pure cellulose (Chanliaud and Gidley, 1999; Whitney et al., 1999) . In the plant cell wall, microfibril separation may be affected by a number of factors including crosslinking polysaccharides tethering microfibrils together or holding them apart (or indeed a balance between the two) and spacing by interpenetrating polysaccharides. However, the water content of the wall will also have a substantial effect on separations. This has two important consequences:
(1) The cell wall matric potential and the relationship between matric potential and water content may be important in determining cell wall properties.
(2) The importance of cell wall spacing can be tested by alteration of matric potential using polyethylene glycol (PEG). PEG with M w . 4000 cannot penetrate plant cell walls (Carpita et al., 1979) , and so treatment with PEG 6000 in solution alters their water potential by reducing their water content. Thompson (2005) demonstrated that PEG solutions with osmotic pressures of 3 . 0 MPa substantially reduced the long-term creep of frozen and thawed sunflower hypocotyls at pH 5 . 0 and similar behaviour has been found using solutions with an osmotic pressure of 1 . 0 MPa.
Time
In the field of rheology, it is also understood that the mechanical properties observed are dependent upon the time frame of observation. One important element of this is that the dividing line between solid and fluid behaviour is not absolute, with behaviour becoming more and more fluid over longer time-scales. This is described using the 'Deborah number', which is the ratio of the relaxation time of the material to the observation time; the smaller the value, the more fluid the behaviour observed (Scott Blair, 1969) . It is named for a line from the Song of Deborah in Judges 5, which can be translated as 'the mountains flowed before the Lord' (although the King James Bible uses the less apposite 'melted'). Over geological time-scales many rocks can be treated as fluids.
A good example of the importance of this idea in plant physiology is tissue growth, when the plant's structure must exhibit solid behaviour over short time-scales, but behave in a more fluid fashion over longer periods for the cell walls to stretch and allow permanent extension. This paper will show that characterization of plant cell walls involves a number of separate rheological elements acting over different time-scales and which are differentially affected by cell wall water content, heat treatment and pH suggesting that multiple physical or chemical processes are involved. Examples of particular tissues or cells where correct function depends upon specific control of individual biomechanical elements will then be considered.
EFFECTS OF CELL WALL SPACING ON CREEP OF GROWING TISSUE OVER A RANGE OF TIME-SCALES
Rheological analysis of creep of growing tissue provides a good example of biomechanical behaviour involving multiple cell wall processes manifesting over different timescales and exhibiting different responses to cell wall spacing, pH and boiling. The effect of cell wall spacing on creep of frozen and thawed etiolated sunflower (Helianthus annuus) hypocotyls was investigated by using PEG solutions to modify the cell wall water content. The effect on boiled tissue segments was also investigated to determine whether any of the rheological elements were mediated by endogenous enzyme activity. Because the segments had either been frozen and thawed or boiled, there should be no confounding effects caused by changes in cell turgor.
Etiolated seedlings ('Giant Yellow', Suttons) were grown in covered pots of water-saturated perlite for 5 d at 30 ºC ( perlite from Silvaperl, Gainsborough, UK). Segments (20 mm) from the top of the hypocotyls were longitudinally bisected using a hand-held razor blade, frozen with freezing spray (R.A. Lamb, Eastbourne, UK) or boiled for 120 s in distilled water and then dropped into 10 mM MES buffer containing 5 mM KCl, 1 mM CaCl 2 and 0 . 27 g PEG g -1 water (to give p ¼ 1 . 0 MPa). Segments were then pressed between microscope slides covered in absorbent paper using a 2 kg weight for 60 s and returned to the PEG solution for 10 min.
Creep of the segments was measured using a constant load extensiometer as described by Thompson (2001) . Segments were securely clamped into the bottom of reservoirs of buffer with approx. 8 mm exposed and the exact length was measured using a magnifying eyepiece with a graticule. Initial force was ,0 . 004 N and was increased in 0 . 098 N increments during the course of the experiment. Segments were initially bathed in buffer containing PEG to give a known osmotic pressure or equivalent control buffer with no PEG, and the applied force was increased first to 0 . 098 N for 90 min and then to 0 . 196 N for a further 240-360 min. After this period, the initial buffer was drained from the tube and gently replaced with control buffer (if the initial buffer contained PEG) or buffer containing PEG (if the segment was initially bathed in control buffer). For each increase in the applied force the relative length was calculated using the 'true strain', i.e. relative length ¼ Ln(L t /L 0 ) þ 1. Figure 1 illustrates the effects of increasing or decreasing water potential by 1 . 0 MPa on creep of hypocotyl segments. When water potential was increased, within a few min the tissue began to extend more rapidly. Although creep rates subsequently decreased, they did so slowly and were still substantially greater than they had been at a water potential of 21 . 0 MPa several hours later. Interestingly, the opposite exchange also caused a rapid increase in creep rate, but this only lasted for 30-45 min before establishment of a nearconstant rate of extension considerably lower than that at higher water potential. It is worth noting that, on some occasions, immediately after increases in water potentials there was a slight contraction of segments before creep rates began to rise, and it seems likely that this was an inversion of the short rapid extension following a reduction in water potential. Changes appeared to be reversible as segments returned to control buffer several hours after they had been transferred to a water potential of 21 . 0 MPa responded in the same way as segments for which the first exchange was from a water potential of 21 . 0 MPa to zero and vice versa. No effect was observed when buffer containing an osmoticum that can penetrate the cell wall (glucose) giving p ¼ 1 . 0 MPa was used, suggesting that the changes in creep rate were due to cell wall water content and not water potential per se [although Edelmann (1995) has observed an effect with this type of treatment].
Modelling creep of plant tissue
Rheological models describing the effects of increasing or decreasing water potential on cell wall properties were then used to break extension down into different components operating over different time-scales and compared to determine whether individual components were affected by changes in cell wall water content in different ways. Extension was modelled by fitting experimental data time series recorded over 240 min to equations describing rheological elements or combinations of rheological elements by non-linear regression by minimization of squares of residuals. The effectiveness of models was determined by calculating values for time series equivalent to the experimental data using fitted model parameters and determining correlation with the experimental data.
Previously, it has been reported that extension of plant tissues after a step increase in stress using a constant load extensiometer conforms closely to eqn (1) (Thompson, 2001) :
This model is composed of a number of different elements and modelled extension generally corresponds with observed extension with r 2 . 0 . 999. Although increases and decreases in water content are different in nature to stress increases, their effects exhibited some surprising correspondences with eqn (1) that may shed light upon the different elements of the model and their interaction, and so a short description of the elements of the model is given below.
Log-time element
Extension due to this element at time t is given by N creep log t and is most important in the early stages of extension following any instantaneous length increase, as described by Büntemeyer et al. (1998) . A correction is also required in conjunction with this element because it cannot be extrapolated backwards to t ¼ 0 and this is a component of the parameter k, the other being instantaneous elastic extension. An unfortunate consequence of this is that the model cannot be used to obtain an accurate value for instantaneous elasticity.
Kelvin elements 1 and 2
These exhibit exponentially decreasing extension rates (Scott Blair, 1969) and their length at time t is given by ft[1 2 exp(2t/t)] where f is the initial extension rate of the element and t is the retardation time (the time required for f to decrease by a factor of e). Creep of tomato fruit epidermis after stress increases involved two Kelvin elements: Kelvin element 1 with a retardation time of 10-20 min (t 1 ) and Kelvin element 2 with a retardation time of 70-120 min (t 2 ), so that Kelvin element 1 is important in short-term behaviour and Kelvin element 2 affects long-term extension. Sunflower hypocotyls exhibited very similar behaviour except that t 1 and t 2 were both slightly shorter.
Viscous flow element
This is a simple element describing extension at a constant rate for a constant load. The extension at time t is given by ft where f is the extension rate (or flow rate).
In Thompson (2001) it was found that f 2 and f 3 (which define creep over the longer time-scales corresponding to plant growth) were increased at reduced pH. f 1 was also increased at lower pH but to a lesser degree than f 2 and f 3 . The effects of pH on f 1 , f 2 and f 3 were all abolished by boiling. The log-time element and apparent instantaneous elastic extension were independent of boiling and pH.
Modelling the effects of altered cell wall spacing on creep It was found that creep after cell wall water content was increased was best described by eqn (2) (treating the time at which the control buffer was introduced as t ¼ 0; r 2 was generally .0 . 99):
The time constants for the two Kelvin elements were of the same order of magnitude as observed after a step increase in applied force (e.g. for the example in Fig. 1 , t 1 was 9 min 48 s and t 2 was 1 h 2 min). It should be noted that it was not possible to model the data well when a short period of contraction occurred and so this was omitted from the data when it occurred. However, as is explained below, it seems likely that this transient length decrease was due to a log-time element causing shortening when cell wall water content was increased.
When the wall water potential was reduced, the best match to the data was provided by eqn (3) (r 2 was generally .0 . 99):
In this case, k only corrects for the log-time element with no instantaneous elastic element. N creep was always positive and the so the log-time element describes the transient increase in creep rate after exchange. ft is a viscous flow element equivalent to that in eqn (1), but f after control buffer was replaced with buffer containing 1 . 0 MPa PEG was substantially less than f 3 (for the data shown in Fig. 1 , the decrease is approximately by a factor of 12).
It seems plausible that the rheological components in eqns (2) and (3) correspond to the equivalent terms in eqn (1) and this interpretation is reinforced by observation of equivalent exchanges using boiled tissue. Figure 2 compares the effects of altering cell wall water content in hypocotyl segments that were boiled and those that were frozen and thawed. Figure 2A illustrates creep of segments where cell wall water content was increased and Fig. 2B shows the opposite exchange. It is clear that in both treatments boiling caused a reduction in extension rate over longer time-scales. However, the effects of increasing and decreasing cell wall spacing appeared substantially different. When water content was reduced the pattern of response was virtually identical in boiled and frozen and thawed tissue except that the extension rate after the initial period of rapid extension was lower in the boiled segments (although proportionally comparable to that before the exchange). However, when the water potential of boiled cell walls was increased, instead of a rapid increase in length (with or without a slight shortening) there was a long and pronounced contraction before extension resumed so that segments only regained their length prior to the exchange after approx. 1 h. There-after, although extension rates remained low, they were still greater than they had been before the exchange.
These observations are readily explicable if it is assumed that the log-time element is insensitive to boiling and extends as cell wall spacing is reduced and contracts as cell wall spacing increases. If an increase in cell wall water content caused contraction of the log-time element and extension of Kelvin element 1, Kelvin element 2 and the viscous flow element but only the three extending elements were reduced by boiling, then the pattern observed in Fig. 2A might be expected. Likewise extension of the log-time element when cell wall spacing was reduced would be unaffected by boiling, but overall extensibility would be decreased, explaining the behaviour shown in Fig. 2B . Therefore, the effects of boiling are the same as for the equivalent components of eqn (1).
Summary of rheological elements
This analysis demonstrates that it is possible to define a number of separate biomechanical processes operating over different time-scales during creep of growing tissues, some of which are inhibited by boiling while others are not and some of which are limited by increases in cell wall spacing and others by decreases. Figure 3 shows the four elements of eqn (1) also found in eqns (2) and (3) and shows extension due to each after a step increase in stress. These are:
(1) Log-time element. This is most important over reasonably short time-scales (decreasing to ,2 . 5 % of its initial rate within 30 min) and is not substantially affected by heat treatment (and therefore probably not enzymically mediated) or pH. It seems to extend when stress is applied or when cell wall spacing is decreased and to contract when cell wall spacing is increased. It seems possible that it relates to microfibril realignment as the cell wall thickness changes during changes in stress or water content. Reshaping of the cell spaces may also be involved but is unlikely to account for this element completely as a log-time element was also required for modelling creep of Acetobacter cellulose pellicles (Thompson, 2005) .
(2 and 3) Kelvin element 1 and Kelvin element 2. These are both reduced at higher pH and by inactivation of cell wall enzymes (Thompson, 2001) . Kelvin element 1 is relatively minor in this system and is short term (decreasing to ,2 % of its initial rate within 30 min) but Kelvin element 2 continues to extend over longer periods (extension was still approx. 20 % of its initial rate after 3 h). Both are increased (or restarted) after an increase in cell wall spacing but are not apparent (at least as separate elements) after a decrease. The observation (not presented) that creep after decreasing cell wall water potential from the control value by 0 . 25 MPa conforms to eqn (3) but with a greater flow rate than at the higher water potential suggest that for Kelvin element 2 this may be because f 2 remains but whatever is causing it to decrease has been removed so that it behaves as additional viscous flow. Kelvin elements are often visualized as a flow element and spring in parallel in which flow reduces as the spring extends and accepts a progressively greater proportion of the total stress (Scott Blair, 1969) ; in such a thought experiment the effect of decreasing wall water content might be equivalent to removing the spring. Therefore, for Kelvin element 2 (and perhaps for Kelvin element 1 as well) the flow and retarding components may be separate processes affected by water potential in different ways.
(4) Viscous flow element. This element is most analogous to growth and while it is of least importance over the initial 30 min of extension, it comes to predominate over periods of several hours. It is inhibited by increased pH, inactivation of cell wall enzymes and reduced cell wall spacing.
Additionally, near instantaneous and probably elastic extension takes place when a step increase in force is applied. This seems to be unaffected by cell wall spacing, pH or boiling.
PHYSIOLOGICAL IMPLICATIONS OF A MULTIPLICITY OF CELL WALL BIOMECHANICAL PROCESSES
It would be surprising if all cell and tissue types necessarily exhibit the same type of behaviour and (as will be discussed below), there may be particular reasons that growing tissues have the properties described above. In most mature cell types, the requirements are likely to be reasonably simple with the main requirements being that cell walls are strong enough to contain the cells' own turgor pressure (and any tissue pressure exerted on them by adjacent cells) and that there is no long-term flow or relaxation so that any deformations are reversible and capable of storing elastic energy in the walls to maintain the interplay between turgor pressure and elastic stretching of the cell walls that supports the structure of many tissues. However, in other cases particular cell types may require cell walls that exhibit quite specific properties. The extensive lignification during differentiation of xylem vessels, modifying the wall properties so that cells do not collapse as a result of internal hydraulic tension is a particularly extreme example. Additionally many cell types need to be able to regulate the biomechanical properties of their cell walls and this may require modulation of some rheological elements with limited effect on others.
A number of situations where particular wall behaviour is needed for physiological function, including examples where controlled modification of specific cell wall properties is important will now be considered.
Growing tissues
Growth of plant tissues provides a good illustration of the importance of differential regulation of cell wall behaviour over short-and long-term time-scales. As has already been noted, growing tissues must exhibit solid behaviour over short time-scales (with extension at high Deborah numbers mainly due to the log-time element) but in a more fluid fashion over longer time-scales, with extension of Kelvin element 2 and the viscous flow element becoming increasingly important for lower Deborah numbers.
Additionally, there are numerous examples of changing growth rates in response to hormonal signals (e.g. Malloch and Osborne, 1976; Zhang and Davies, 1990) , environmental factors (e.g. or developmental effects (e.g. Thompson et al., 1998) and as growth takes place over periods of hours, days or even weeks, regulation of growth must involve alteration of long-term behaviour. However, growth rates can increase or decrease several-fold and severe effects on tissue dimensions, water relations or both would result if cell wall properties manifesting over short time-scales were altered to a similar degree. For example, if growth promotion was associated with a decrease in the elastic modulus, a combination two effects would be observed:
(1) A rapid increase in cell size until the balance between cell wall stress and the new modulus is restored. This would involve some dilution of cell solutes so that there would also be a reduction in turgor. (2) Cell wall relaxation with a consequent decrease in turgor and tissue water potential.
Exact effects would depend on the balance of cell wall extensibility, solute dilution and hydraulic conductivity but could include a rapid increase in tissue size and a collapse in tissue water potential, and, if there was a decrease in turgor due to dilution of cell contents or a reduction in tissue water potential, growth rate might actually reduce even though the cell walls were 'loosened'. Therefore, it is necessary for long-term processes to be controlled with limited effect on those acting over shorter periods. An interesting possibility, suggested by the observation that f 2 and f 3 are increased by high cell wall water content and that this is reduced by boiling is that a component of control of longer-term properties affecting growth is by regulation of cell wall spacing, and that this might be enzymically mediated. This was investigated by examining the effects of extracts from growing tissue on particle size in suspensions of cell wall fragments from boiled growing hypocotyls (measured by the effect on turbidity). Suspensions were prepared by boiling etiolated hypocotyls for 2 min and then homogenizing them in 10 mL distilled water containing 0 . 025 % Tween using a laboratory mixer/emulsifier at full speed for 5 min (Silverson Machines Ltd, Waterside, UK). The homogenate was then centrifuged for 5 min at 650 g to remove unfragmented tissue pieces and the supernatant centrifuged for 10 min at 1450 g. The pellet was resuspended in 10 mL of pH 5 . 0 MES buffer containing PEG to give an osmotic pressure of 1 . 0 MPa, 5 mM KCl and 1 mM CaCl 2 . The suspension was then again centrifuged at 1450 g for 10 min, after which the supernatant was discarded and the pellet resuspended in 10 mL of pH 5 . 0 MES buffer with 5 mM KCl and 1 mM CaCl 2 , but no PEG giving a cloudy, grey suspension of cell wall fragments. The optical density of the suspension was recorded for 30 s to measure initial optical density before addition of extract to the cuvette (extract from 17 mg f. wt for each ml suspension), inverted to mix the solutions and returned to the spectrophotometer. Extinction was then recorded for a further 90 s. Spectrophotometer readings used a wavelength of 750 nm but effects have been found to be independent of light wavelength across the range tested (400-750 nm). The effect of extracts of unboiled growing tissue, boiled growing tissue and non-growing tissue from the base of the hypocotyl are shown in Figure 4 (extracts were prepared by homogenizing tissue in 10 mL mg -1 f. wt of 1 M NaCl in a hand-held homogenizer with the same weight of acid-washed sand as fresh tissue). A rapid increase in turbidity was observed after addition of extract from unboiled growing tissue with an increase in optical density of approx. 8 % within 90 s, but there was little effect after addition of extracts from boiled tissue or tissue that had ceased to expand. Therefore it does seem that one or more enzymes present in growing tissues can cause cell wall swelling in vitro and it is possible that they facilitate growth by reducing spatial constraint in extending cell walls in vivo. The recent observation by Yennawar et al. (2006) that pellets of centrifuged maize cell walls treated with expansins expanded over the following 48 h suggests that expansins may cause some or all of the swelling and supports the proposal in Thompson (2005) that this may contribute to the effect of expansins on creep of plant tissue.
It is interesting to compare these properties of plant growth with use of temperature in shaping some plastics. An established factor in rheology of synthetic polymers is 'time-temperature correspondence', which describes the observation that analogous behaviour is observed over long time-scales at low temperatures and short timescales at high temperatures (Aklonis et al., 1972) . It could be argued that plants' use of long time-scale flow in growth is to some degree analogous to high temperature moulding of plastics, when flow at high temperatures is used to shape objects which are solid at lower temperatures. Indeed, microthermal analysis of plant cell walls has shown a melt-type transition occurs at much lower temperatures in cell walls of growing tissues at low pH (Lin et al., 1991) .
At this point it might be useful to consider the phenomenon of tissue pressure and the associated hypothesis that epidermal tissues are particularly involved in regulating growth where tissue pressure is observed (e.g. Kutschera, 1992 Kutschera, , 1995 . This model has been disputed (Peters and Tomos, 1996) and it is clearly possible to consider a tissue where there are two or more cell types, none of which are growing but where their cell walls have different elastic moduli. Under these circumstances, stress will be distributed between the cell walls according to their respective elasticities but with no regulation of growth. If one of the cell types is still capable of expanding (i.e. the cell walls are capable of long-term flow) but another is not, then relaxation of the growing cell walls will occur with progressive transfer of stress to the non-flowing walls until either the inextensible walls fail, or stress in the extensible cell walls drops to the minimum required for flow. This is the situation proposed to exist in mature green tomato fruit and under these circumstances the non-extending tissue would be responsible for terminating growth at a point determined by temporal, environmental or hormonal cues ( provided that it did not break or split under the increased stress). However, the third hypothetical possibility is a tissue that is still growing in which the cell walls of different tissues exhibit different viscosities. In this case, stress will be transmitted from the cells with more extensible walls (generally cortical cells) to those with less extensible walls (often epidermal cells). Kutschera (1995) has presented evidence suggesting that this is the case in growing hypocotyls of sunflower and Cucurbita pepo (zucchini) hypocotyls, growing epicotyls in Pisum sativum ( pea) and growing coleoptiles in Avena sativa (oat) and Zea mays (maize). Alteration of the viscosity of either wall type could alter growth rate and so there is no physical reason why both cortical and epidermal cell walls should not be involved in regulating growth, but there may be biological advantages for control primarily residing in the cells with the 'strongest' walls. In these situations, altering wall properties would lead to a redistribution of stress between cell types unless changes were tightly co-ordinated. Such fluctuations in stress might well hinder precise regulation of growth and perhaps make the epidermis prone to failure (a risk illustrated by splitting of grape and tomato fruit after sudden watering or when heavy rain follows a dry spell). These difficulties would be minimized if cell wall viscosity of epidermal cell walls exceeded that of cortical walls by a large margin as cortical cell wall stresses would then remain at a near constant level close to the minimum required for extension of those cells and growth rates could be altered without substantial redistributions of stress between cell types. Under this arrangement, epidermal cells would act as target cells in growth regulation as has been hypothesized (although this argument remains speculative and may not be reflected in vivo).
Stomatal guard cells
Regulation of stomatal aperture is another instance where responses to hormonal and other regulatory signals require specific cell wall biomechanical properties. In many respects, the properties that guard cell walls must exhibit are opposite to those of growing cells in that it is estimated that turgor pressures can increase to .4 MPa during opening (Franks et al., 1998) which must cause an elastic change in cell shape taking place over a short period of time, but despite the extremely high stresses involved it is important that the cell walls do not permanently deform at their open dimensions as the walls must be able to 'store' a substantial proportion of the work done in opening the stomata so that it can be utilized during closure. If the energy was dissipated some closure might be driven by epidermal back pressure but the original cell shape and correct modulus for further opening and closing cycles would not be restored. Additionally, if stored elasticity is to be utilized effectively, frictional losses during closure must be minimized. Therefore, proper functioning of guard cells depends on short-term flexible and reversible extension but it is essential that the long-term irreversible flows of primary importance in growing tissue are completely suppressed. Jones et al. (2003) have examined the effect of selective digestion of cell wall components on stomatal opening and closing in Commelina communis. They found that both opening (by fusicoccin) and closure (by ABA or 0 . 5 M mannitol) were inhibited completely by treatment with arabinanase and partially by feruloyl esterase, but that inhibition of closing was reversed when a combination of pectin methyl esterase and endopolygalacturonase were used to digest homogalacturonan. Stomatal 'locking' by arabinanase was plausibly attributed to removal of side branches of rhamnogalacturonan I so that the only the backbone (which includes stretches of homoglacturonan) remained and calcium ions could form cross-links between the charged galacturonic acid monomers of adjacent stretches. This then made the wall too rigid for the stomata to open or close. This is usually prevented because the homogalacturonan stretches are held apart by arabinan branches (which can be linked to one another via feruloyl esters cross-links, explaining the effect of feruloyl esterase). Additionally digestion of homogalacturonan with pectin methyl esterase and endopolygalacturonase caused the stomata to 'gape' wider than normal when open. These components of the guard cell wall and their function seem to be highly conserved with similar composition and behaviour also observed in maize and broad bean (Jones et al., 2005) . It therefore seems that rhamnogalacturonan I is involved in maintaining the correct degree of polymer mobility in guard cell walls, and that this is at least partially due to spatial organization within the wall.
There have been reports of expression of the AtExp1 expansin genes in guard cells of arabidopsis (Cosgrove, 2000) and of increased stomatal opening and closure in tobacco overexpressing AtExp1 (Zhao et al., 2006) . It seems odd (given the requirements for guard cell wall properties noted above) that a gene for a type of enzyme generally associated with growth and stress relaxation should be expressed in guard cells. However, expansins have also been found to increase in fruit ripening (Rose and Bennett, 1999) and both dehydration and rehydration of resurrection plants (Jones and McQueen-Mason, 2004) , neither of which involve growth per se, but which do require cell wall flexibility. Although, expansins generally modify long-term properties with limited effect on the short-term reversible extension required here, the correct properties would result if the cell wall extension and contraction involved in stomatal opening and closure were substantially due to an equivalent of Kelvin element 1 in eqns (1) and (2) (the behaviour of which is consistent with promotion by expansins), provided that Kelvin element 2 and the viscous flow element were absent or suppressed. Given the posited role of expansins in growth regulation, an intriguing possibility is that they might also be involved in regulating stomatal function. Controlling cell wall flexibility could not determine the direction of change of aperture (which must be determined by guard cell and companion cell turgors), but there might advantages to modulating fluidity of the guard cell wall. Freeing polymer movement during closure could compensate for the inevitable loss of some elastic energy and facilitate closure, while 'fixing' the cell walls once stomata had opened could help prevent permanent deformation or dissipation of elastic energy. Also, suppression of loosening might be consistent with the occasional instances of stomatal lock-open observed in vivo (e.g. Allègre et al., 2007) .
Abscission cells
Abscission of plant organs involves separation of functionally differentiated abscission cells (Wright and Osborne, 1974 ) and appears to include at least two mechanical events:
(1) Reduced adherence between cells caused by dissolution of the pectin-rich middle lamellae between abscission cells (e.g. Valdovinos and Jensen, 1968) . (2) Growth and rounding of the abscission cells (e.g. Osborne and Sargent, 1976; Sexton and Redshaw, 1981) .
Dissolution of the middle lamella would be expected to be associated with increased levels of polygalacturonases and related enzymes and this is the case (e.g. Taylor et al., 1993) although it is worth noting that expression of abscission-associated polygalacturonase genes is not confined to the abscission zone (Hong et al., 2000) suggesting their presence alone is not sufficient for cell separation to occur. It seems probable that cell rounding and growth are the ultimate consequences of cell wall loosening processes that initially generate increasing tissue pressures culminating in fracture of cells and tissues that cannot extend, such as the vascular traces. This is actually analogous to the situations described in the earlier consideration of tissue pressure where one cell type has walls that are more extensible than another so that stress is progressively transferred to the more rigid walls until (in this case) they fail. Sexton and Redshaw (1981) have noted that sufficient pressure was generated for abscission of leaves of Impatiens sultani by the abscission cells losing their initial flattened polygonal shape and becoming more spherical so that their volume increased with little increase in surface area, although in other cases the abscission cells seem to expand too much for this to be the case (e.g. Wright and Osborne, 1974) . Adoption of a round shape is clearly mechanically favourable for any pressurized structure and may have additional advantages for abscission, as adjacent cells will push one another apart across most of their common faces but will pull away from one another at the edges, peeling the middle lamellae apart.
Abscission cell growth and reshaping could be due to removal of growth suppression in cells where the walls have retained the capacity for extension or to a restored capacity for growth in secondary cell walls from which it has been lost. The latter seems more likely because rounding of abscission cells involves extension in directions in which growth was limited during initial expansion and because mature cells can transdifferentiate into functional abscission cells (McManus et al., 1998) .
Cell rounding could be due to enzymes capable of breaking down cell wall components reinforcing the cell corners, but there have also been a number of observations of cell wall swelling during abscission (e.g. Valdovinos and Jensen, 1968; Sexton et al., 1977) and in the framework suggested earlier, it might be suggested that increased spacing allowing greater polysaccharide mobility might actually be a key component of the abscission process and not just a consequence of other wall loosening events. Increased separation between cellulose microfibrils could release the tight entanglement in mature cell walls and allow them to pull through the matrix and to realign. It appears that the cell walls of abscission cells can swell to a very substantial degree [Sexton et al. (1977) report that abscission cell walls expand to 5 -10 mm during foliar abscission in Coleus blumei] and stresses on the cell wall would tend to cause realignment of microfibrils to give a more spherical cell shape once they were released from other constraints.
The period over which abscission occurs (typically 24-72 h) would tend to suggest that expansion and rounding result from reasonably long-term cell wall processes but, in this case, the interpretation is not completely clear cut. The reason is that abscission requires a high pI endo-1,4-b-glucanhydrolase (Sexton et al., 1980; Clements and Atkins, 2001 ) and perhaps other enzymes and so it is not possible to separate the time required for de novo protein synthesis and for the enzymes to have their effect from the time period over which rheological processes occur. However, if cell wall swelling is important, then the process might be analogous to the effect of increasing cell wall water content on creep of growing material as described above, and which primarily promoted long-term processes.
SUMMARY
This paper has argued that plant cell walls are complex systems in which multiple rheological processes occur, some reversible and others irreversible and that each of these processes takes place over a different and distinctive time-scale. Additionally, evidence has been presented showing that separation between cell wall components, perhaps particularly the cellulose microfibrils, affects these rheological elements and modulates cell wall biomechanical properties.
In the light of these propositions, it was noted that different cell types require cell walls that exhibit specific and often different biomechanical behaviour. Physiological control may then depend upon regulation of individual rheological processes in the wall, depending upon whether changes need to be reversible or not and the timescales over which they must occur. Finally, controlled spatial organization within the cell wall often seems to be fundamental in ensuring correct cell wall and cell function.
